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The reduction of resinous species in Portuguese forest areas has caused con-
straints to wood industry supplies. Portugal represents the extreme southwest
of Scots pine (Pinus sylvestris) natural distribution and large gaps exist in the
knowledge of its wood-quality characteristics. Understanding the relationship
between these traits is important for recognizing which combination of wood
properties is the most suitable for specific uses. To address these questions,
we assessed wood-quality traits, namely, wood-density components (microden-
sitometric analysis), chemical composition (NIR spectrometry) and mechanical
properties (bending tests) of wood samples collected at five representative
forest sites in Portugal. Our results showed that Portuguese  Pinus sylvestris
has good radial growth and denser wood, higher extractive content and higher
stiffness and strength than northern European provenances. The lignin content
was within the range attributed to softwoods. Among the Portuguese stands,
trees growing at lower-altitude sites exhibited denser wood and higher me-
chanical properties, while trees from high-elevations showed higher amounts
of lignin. Ring density was more strongly correlated with earlywood than late-
wood density. A negative, non-significant correlation was found between ring
density and width, supporting the assumption that the higher radial growth
(ring  width)  does  not  negatively  affect  wood quality  (density).  In  general,
chemical  properties  had  a  weak  relationship  with  physical  and  mechanical
properties (MOE and MOR). Both mechanical traits were positively correlated
with density and growth components, supporting the assumption that trees
with high radial growth do not exhibit poorer mechanical performances.
Keywords: Bending Tests,  Correlations, Mechanical  Traits, NIR Spectrometry,
Scots Pine, Wood-Density Components, Wood Quality, X-ray Microdensitometry
Introduction
Scots pine (Pinus sylvestris  L.) has a wide
natural  distribution  across  Eurasia,  from
the sea level up to 2500 m of elevation, on
different  soil  types  and  areas  with  mean
annual precipitation ranging between 500
and 2000 mm and extreme temperatures
from -40 to  35  °C.  Such  a  large  range of
ecological  conditions  is  reflected  by  the
high  variability  of  its  timber  in  terms  of
density,  strength,  extractive  content  and
wood  appearance  (Verkasalo  &  Leban
2002, Peltola et al. 2009, Auty et al. 2014). 
Portugal represents the outermost west-
ern  limit  of  Scots  pine’s  natural  range;
however,  large gaps in the knowledge of
its wood characteristics exist in the coun-
try.  Moreover,  in  recent  years  the reduc-
tion of resinous species in Portuguese for-
ested areas has caused strong constraints
to wood industry supplies. In this scenario,
to meet timber demand a future increase
of Scots pine stands in Portugal through re-
forestation  of  mountain  regions  is  desir-
able,  especially  at  the  higher  elevations,
where other species such as Pinus pinaster
show reduced vigor  and profitability,  and
where  the  risk  of  pinewood  nematode
(Bursaphelenchus xylophilus Nickle) attacks
is weaker. 
Wood  is  a  complex  biological  material
whose  characteristics  depend  on  various
internal and external factors, and consists
of  sets  of  flexible  pipes  of  cellulose  and
hemicellulose connected and made stiff by
lignin (Pereira et al. 2003). However, wood
is  highly  variable  and  anisotropic  (i.e.,  its
properties vary depending on direction) as
the result of unequal cambial growth and
orientation of wood fibres. Understanding
such variability is of critical importance to
improve the quality, processing and use of
wood (Zobel & Van Buijtenen 1989, Koga &
Zhang 2004). In particular, wood quality is
defined as the specific  combination of  its
properties that are most suitable for a spe-
cific  final  product  (Zobel  & Van Buijtenen
1989), and depends on physical (e.g., wood
density),  chemical  (composition  and  con-
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tent of cellulose, hemicellulose and lignin),
anatomical (morphology of the wood cell),
and mechanical (modulus of elasticity and
rupture)  features  of  wood  (Zobel  &  Van
Buijtenen 1989, Steffenrem et al. 2007).
Many wood properties  such as  stiffness
and mechanical strength (Verkasalo & Le-
ban 2002), retractility (Riesco-Muñoz et al.
2008),  resistance to biodegradation (Rey-
Prieto & Riesco-Muñoz 2012),  and the de-
rived paper quality (Sable et al.  2012) are
strongly affected by intrinsic wood proper-
ties such as density (mass of wood cell wall
material per unit volume), which is consid-
ered one of the most important indicator
of  wood  quality  (Zobel  &  Van  Buijtenen
1989), along with fibre and microfibril  ori-
entation. However, wood density can vary
both within and among trees as a result of
the combinations of  various  density com-
ponents  (Gaspar  et  al.  2008a). In  this  re-
spect,  x-ray  wood  microdensity  analysis
can provide important information on the
physiological process underlying wood for-
mation, allowing the cambial activity to be
analysed along the growing season in  re-
sponse to different environmental effects
(Zobel & Van Buijtenen 1989).
Chemical composition of cell-wall compo-
nents has been proven to influence several
wood properties and therefore the suitabil-
ity of wood to specific purposes (Pereira et
al. 2003). In particular, the high resistance
of wood to axial deformation is thought to
be due to cellulose (Tsoumis 1991).  Lignin
serves  as  an  aggregator  agent  between
the cellulose microfibrils and adjacent cells
of the cell walls, conferring to wood rigid-
ity and resilience to impact  and compres-
sion.  Lignin  also  plays  a  protective  role
against  external  pathogens  in  trees  and
enhances the hydrophobicity of plant cell
walls  for  water  conduction (Pereira  et  al.
2003).  The most  widely  used method for
determining  lignin  content  is  the  Klason
method, which consists of the hydrolysis of
polysaccharides.  However,  near  infrared
spectroscopy (NIRS) is a simple, rapid and
highly  reproducible  method  which  has
recently relieved wet-chemistry techniques
for the determination of the chemical com-
position of lignocellulosic materials (Schim-
leck et al. 2003).
Wood  extractives  are  organic  and  inor-
ganic  non-structural  components  of  the
cell  wall  which contribute to color,  smell,
decay resistance, flammability, and density
and can be removed by solvent extraction.
In some species, these compounds provide
resistance to decay and insect attack and
sometimes affect the specific gravity, thus
indirectly  changing wood physical  proper-
ties (Rey-Prieto & Riesco-Muñoz 2012).
Due to its  simplicity,  the bending test is
commonly used to assess  the mechanical
properties of wood compounds. The mea-
sure  of  wood  stiffness  when  loaded  by
bending  is  expressed  by  the  modulus  of
elasticity  (MOE),  while  the  maximal  load
capacity  in  bending  is  expressed  by  the
modulus  of  rupture  (MOR  – Verkasalo  &
Leban  2002,  Auty  2006).  For  P.  sylvestris,
MOE ranges from 11.6 to 13 Gpa and MOR
from 64.2 to 85.6 MPa (Verkasalo & Leban
2002, Hoibo & Vestol 2010).
Understanding the relationship between
physical,  anatomical,  chemical  and  me-
chanical properties of wood is important to
determine which combination of its prop-
erties  is  the  most  suitable  for  a  specific
final  product. Phenotypic  correlations  be-
tween  traits may be inherent (i.e., having a
genetic basis),  a response to the environ-
mental conditions (i.e., due to acclimation),
or  a  combination of  both (Abdel-Gadir  et
al. 1993).
The aim of this study was: (i) to evaluate
wood-quality traits (physical, chemical, and
mechanical)  of  Pinus sylvestris growing in
Portugal,  and  compare  the  results  with
other European provenances of  the same
species, as well as with other species; and
(ii)  to  evaluate  the  relationship  (correla-
tions) between wood-quality traits in Por-
tuguese Scots pine.
Materials and methods
In this  study,  we determined the wood-
density  components  by  microdensitomet-
ric analysis, chemical composition (in terms
of macromolecules) using the NIR spectro-
metric method, and mechanical properties
using  three-point  bending  tests  (radial
modulus  of  elasticity  – MOErad,  and radial
modulus of rupture – MORrad). The analysis
was conducted on 100 adult Pinus sylvestris
trees from five representative sites in Por-
tugal.
Plant material
Five sampling sites were selected as rep-
resentative  of  the  whole  range  of  Pinus
sylvestris in Portugal (Fig. 1). The location,
number  of  sampled  specimens,  and  the
main characteristics of the selected stands
are reported in Tab. 1. At each site, 20 adult
trees were randomly sampled, totaling 100
individuals.  Trees that were isolated or at
the  border,  bifurcated,  not  dominant,  or
having an apparent deficient sanitary con-
dition were excluded from sampling.
Wood samples  were  collected  at  breast
height (1.3  m) by extraction of one incre-
ment core of  12  mm per tree,  from bark-
pith-bark,  following  the  direction  of  the
lowest pith eccentricity and as perpendicu-
lar as possible to the tree axis.
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Fig. 1 - Location of
the sampled sites.
Tab. 1 - Geographical, climatic and stand characteristics of the 5 study sites.
Characteristics Marão Vinhais Peneda Gerês
S. da
Estrela
Sampled trees 20 20 20 20 20
Latitude (N) 41°19′ 03″ 41°55′ 44″ 41°59′ 23″ 41°42′ 56″ 40°24′ 54″
Longitude (W) 07°53′ 03″ 07°00′ 03″ 08°15′ 54″ 08°08′ 56″ 07°35′ 33″
Altitude (m a.s.l.) 935 1128 1105 815 1424
Average age (years) 49 51 52 66 46
Mean annual rainfall (mm) 1131 855 1195 1205 1125
Mean annual temperature (°C) 14.0 11.6 14.9 14.4 13.5
Köpen-Geiger climate 
classification Csb Csb Csb Csb Csb
Stand density (trees ha-1) 460 500 380 400 460
Mean tree height (m) 18.3 16.7 17.2 16.5 16.5
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Microdensitometric analysis
From  the  increment  cores,  2-mm  radial
strip  segments  (from  pith  to  cambium)
were prepared. These strips were air-dried
and conditioned to 12% moisture content.
The radial samples were x-rayed perpendic-
ularly to the transverse section, and their
image was scanned by microdensitometric
analysis (Louzada 2000). The time of expo-
sure to radiation was 300 s, at an intensity
of 18 mA and an accelerating tension of 12
kV,  and  the  distance  between  the  x-ray
source  and  the film was 2.5  m.  The  data
comprising radial density profiles were re-
corded every 100 µm with a slit height (tan-
gential  direction)  of  455  µm.  Along  with
the wood samples,  standards of  cellulose
acetate of known thicknesses and real den-
sities were also x-rayed. Because their x-ray
affinity is similar to that of the wood, the
conversion of  optical  density  to real  den-
sity could be obtained by linear regression.
Through this process, it is  possible to de-
termine wood density in a step of 100 µm
from pith to bark, which provides a contin-
uous radial density record throughout the
tree’s life (Fig. 2).
Using these data, several density compo-
nents  for  each  growth  ring  were  deter-
mined:  average  ring  density  (RD),  early-
wood  density  (EWD),  latewood  density
(LWD) and heterogeneity index (HI). In ad-
dition,  other  components  related  to  tree
growth were measured: latewood percent-
age (LWP), earlywood width (EWW), late-
wood width (LWW) and ring width (RW).
The growth ring boundaries on the radial
profiles  were  identified  by  locating sharp
density  variations  with  cross-examination
through  visual  observation of  the macro-
scopic anatomical features. The earlywood-
latewood  boundary  in  each  growth  ring
was determined by the average of the min-
imum and maximum density values within
each ring (Rozenberg et al. 2001). To deter-
mine  the  HI,  we  used  the  method  pro-
posed by Ferrand (1982, cited in Louzada &
Fonseca 2002), which express the hetero-
geneity based on the standard deviation of
all individual density values in each ring.
Near infrared spectroscopy
The  material  left  from  each  increment
core after removing the radial strip for x-
ray  analysis  was  preliminarily  milled  in  a
Retsch  SM  100  cutting  mill  with  a  6-mm
sieve and further milled with a Retsch Ultra
Centrifugal Mill ZM 100 with a 1-mm screen
sieve.  Aliquots  of  the  milled  wood  were
then Soxhlet-extracted with dichlorometh-
ane, ethanol, and water. The Fourier-trans-
formed  near  infrared  (FT-NIR)  spectra
were obtained in the wave number range
of 12,000 to 3,800 cm-1 using a Bruker MPA
spectrometer  (Bruker  Optics,  Ettlingen,
Germany) in diffuse reflectance mode with
a spinning cup module. Each spectrum was
obtained with 100 scans at spectral resolu-
tion of 8 cm-1, and zero filling of two was
applied.
The  Klason  lignin  content  (based  on
extractive free oven-dry weight) and com-
position  (H/G  based  on  extractive  free
material)  were  estimated  by  NIR-based
PLS-R models using the OPUS-Quant soft-
ware (Bruker Optics,  Ettlingen, Germany).
The models had a prediction error of 0.26/
0.35  (RMSEC/RMSECV)  and  0.002/0.002
(RMSEC/RMSECV) for Klason lignin content
and  composition  (H/G),  respectively  (un-
published data).  The predictions  of  these
models  are  more  accurate  than  those  of
the PLS-R models previously reported for
Pinus pinaster (Alves  et  al.  2006,  Da Silva
Perez et  al.  2007,  Gaspar  et  al.  2011)  and
similar  to  those  of  the  models  for  Picea
abies (Schwanninger et al. 2011a, 2011b).
Radial mechanical properties
For this analysis, the same strips from the
microdensitometric  analysis  were  used.
MOERad (modulus  of  elasticity  in  radial  di-
rection) and MORRad (modulus of rupture in
radial  direction)  were  evaluated  through
three-point  bending  tests  (Gaspar  et  al.
2011). Before testing, the specimen dimen-
sions (thickness and width) were measured
with a digital calliper (0.01 mm resolution).
Bending  tests  were  carried  out  at  room
temperature by using an electro-mechani-
cal  testing  machine  (Instron  5848  Micro-
Tester®) with a 0.5 mm min-1 displacement
control and 40-mm span (Fig. 3).
Data analysis
The means of measured variables at each
site were compared by the Duncan’s multi-
ple range mean comparison test (p<0.05),
and  pairwise  Pearson’s  correlation  coeffi-
cients among all traits were estimated. All
the  statistical  analyses  were  performed
using  JMP  statistical  software  (SAS  Insti-
tute Inc.).
Results and discussion
Mean values of wood-quality traits
The mean values of wood-density compo-
nents, and chemical and mechanical prop-
erties at each site are summarized in Tab. 2
and Tab. 3, respectively. The results of this
study  and  previous  findings  from  other
studies and regions were compiled in  Tab.
4 and  Tab. 5 to facilitate their comparison
and the discussion of  results.  Tab.  4 con-
tains data concerning density components.
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Wood-density components
In this study, RD values ranged from 497
kg m-3 to 621 kg m-3 (Tab. 2, Tab. 4). Similar
RD values for Pinus sylvestris were found in
Spain  (Rey-Prieto  &  Riesco-Muñoz  2012),
and  Lithuania  (Aleinikovas  &  Grigaliûnas
2006), ranging from 491 to 586 kg m-3 (Tab.
4). Lower wood-density values were found
in  northern  countries,  namely  in  Sweden
and in Finland, ranging from 362 to 506 kg
m-3 (Kilpeläinen et al.  2003,  Karlman et al.
2005,  Fries & Ericsson 2006,  Peltola et al.
2009,  Pritzkow et al. 2014). Regarding the
data of  the remaining studies,  their  com-
parison  with  our  results  cannot  be  accu-
rate, as the measurement techniques were
different,  namely,  the  basic  density  (Wil-
helmsson et al.  2002,  Riesco-Muñoz et al.
2008, Auty et al. 2014, Tomczak et al. 2015)
and  green  density  (Verkasalo  &  Leban
2002).
According to these results,  we can con-
firm a slight downward trend in the wood
density  of Pinus  sylvestris with  increasing
latitude, as previously reported by Van Der
Maaten-Theunissen et al. (2013) and  Rossi
et al. (2015). Some of the observed excep-
tions,  such  as  the  high  density  values
observed in Lithuania (Aleinikovas & Grigal-
iûnas  2006)  and  Sweden  (Karlman  et  al.
2005,  Pritzkow et al. 2014) may be due to
the older age of the trees (more than 100
years) compared to the remaining stands,
which had average ages between 30 and
50 years.
Lower  wood  densities  were  found  for
other resinous trees, namely  Pinus brutia,
Abies balsamea and Picea mariana, with val-
ues ranging from 351 to 495 kg m -3 (Zhang
& Jiang 1998, Koga & Zhang 2004, Guller et
al.  2012).  Although  the  Portuguese  Scots
pine stands are somewhat older (average
of 55 years) than the remaining stands of
other  species  (15  to  38  years),  there  is  a
tendency  for  Pinus  sylvestris  growing  in
Portugal to have slightly denser wood than
resinous trees from other regions.
For Portuguese Pinus pinaster, Louzada &
Fonseca (2002) and  Gaspar et  al.  (2008a)
obtained values of  483 and 474 kg m -3 in
18/17-year-old trees, respectively. However,
Louzada (1991) found RD values in 35-year-
old trees similar (531 kg m-3) to those ob-
tained in this study. An even higher value
of  657  kg  m-3 was  obtained  by  Louzada
(2000) in 70-year-old trees. Therefore, it is
expected that  in  Portugal  Pinus  sylvestris
wood  has  density  values  relatively  lower
than those of  Pinus pinaster  wood of simi-
lar ages.
EWD  values  ranged  from  396  kg  m-3 to
490 kg m-3 (Tab.  2,  Tab.  4).  For the same
species,  Kilpeläinen et  al.  (2003) and  Pel-
tola et al. (2009) found smaller EWD values
in Finland, ranging from 295 to 330 kg m -3.
An  even  lower  value  of  270  kg  m-3 was
found in Sweden by  Pritzkow et al. (2014)
(Tab. 4).  Lower EWD values were also re-
ported  for  other  resinous  trees,  namely,
Pinus  brutia,  Abies  balsamea,  and  Picea
mariana,  ranging  from  317  to  388  kg  m-3
(Zhang & Jiang 1998,  Koga & Zhang 2004,
Guller  et  al.  2012).  However,  Portuguese
Pinus sylvestris wood presented lower EWD
values,  as compared to Portuguese  Pinus
pinaster.  Indeed,   Louzada  &  Fonseca
(2002), and Gaspar et al. (2008a) found val-
ues  of  411  and  386  kg  m-3,  respectively,
although the sampled trees were only 18/17
years old. Higher earlywood densities rang-
ing from 452 and 519 kg m-3 were found in
older  trees  (35/70  years  – Louzada  1991,
2000).
As expected, higher density values were
obtained  in  the  latewood  component
(LWD), with values ranging from 672 to 841
kg m-3  (Tab. 2,  Tab. 4). For  Pinus sylvestris,
lower LWD values were found in Sweden
(660 kg m-3) by Pritzkow et al. (2014) and in
Finland (545 to 640 kg m-3) by Peltola et al.
(2009) and  Kilpeläinen et al.  (2003 – Tab.
4).  LWD  values  of  other  resinous  trees,
such  as  Pinus  brutia,  Abies  balsamea and
Picea  mariana,  were  also  lower  ranging
from  550  to  620  kg  m-3 (Zhang  &  Jiang
1998,  Koga  &  Zhang  2004,  Guller  et  al.
2012).
For  young  Portuguese  Pinus  pinaster
trees,  Louzada & Fonseca (2002) and  Gas-
par et  al.  (2008a) reported values of  687
and 618 kg m-3, respectively,which are rela-
tively  lower  than  the  those  obtained  for
mature  Pinus sylvestris. Nevertheless,  Lou-
zada  (1991) and  Louzada  (2000) found
much higher values in older trees (781 and
892 kg m-3, respectively).
Concerning the density variability  within
the growth rings, the HI in this study varied
between 140 and 219 kg m-3 (Tab. 2, Tab. 4).
As for Pinus sylvestris, no data was found in
literature,  while a  much lower HI was re-
ported by  Zhang & Jiang (1998) for Picea
mariana  (58  kg  m-3),  and  Koga  &  Zhang
(2004) for Abies balsamea (79 kg m-3 – Tab.
4). A lower HI was also found in 18/17-year-
old  Pinus  pinaster (134  and  120  kg  m-3,
respectively) by Louzada & Fonseca (2002)
and Gaspar et al. (2008a). However, in old-
er trees  (35/70 years),  the HI was higher,
ranging from 140 to  185  kg  m-3 (Louzada
1991,  2000), similar to mature  Pinus sylves-
tris.
The  results  obtained  in  this  and  other
studies regarding growth components are
compiled  in  Tab.  5.  Regarding  the  ring-
width  components,  RW  varied  between
672 iForest 10: 669-679
Tab. 2 - Mean values (± standard deviation) and results of the comparison test for wood-density components. (RD): average ring
density (kg m-3); (EWD): earlywood density (kg m-3); (LWD): latewood density (kg m-3); (LWP): latewood percentage (%); (EWW): ear-
lywood width (mm); (LWW): latewood width (mm); (RW): ring width (mm); (HI): heterogeneity index (kg m -3). Different letters in
the same column indicate significant differences (p<0.05) between sites after Duncan’s multiple range test.
Site RD EWD LWD LWP EWW LWW RW HI
Marão 548±0.061b 405±0.054a 841±0.073c 33.26±4.68a 2.52±0.59b 1.21±0.37b 3.72±0.87b 219±0.026c
Vinhais 544±0.063b 421±0.059a 774±0.067b 35.20±4.45ab 1.85±0.33a 1.00±0.24a 2.86±0.49a 183±0.031b
Peneda 534±0.051b 396±0.041a 741±0.054b 40.36±3.82d 1.91±0.42a 1.17±0.29ab 3.08±0.65a 184±0.021b
Gerês 621±0.063c 490±0.060b 834±0.060c 39.37±4.33cd 1.81±0.38a 1.08±0.23ab 2.89±0.56a 182±0.021b




















Tab. 3 - Mean values (± standard deviation) and results of the comparison test for chemical and mechanical properties. (Dichloro):
extractives soluble in dichloromethane (%); (Ethanol): extractives soluble in ethanol (%); (Water): extractives soluble in water (%);
(Total):  total extractives (%);  (Klason): lignin content (%);  (H/G): lignin composition (%);  (cP/cH): pentose/hexose ratio; (MOERad):
radial modulus of elasticity (MPa); (MORRad ): radial modulus of rupture (MPa). Different letters in the same column indicate signifi -
cant differences (p<0.05) between sampled sites after Duncan’s multiple range test.
Site Dichloro Ethanol Water Total Klason H/G cP/cH MOERad MORRad
Marão 8.41±2.30a 2.19±0.13a 0.53±0.15a 11.12±2.40a 26.87±0.68a 0.042±0.006a 10.91±0.63a 1398.10±564.74b 34.93±12.17c
Vinhais 12.41±4.90b 2.18±0.23a 0.82±0.20b 15.41±4.94b 27.67±0.62b 0.048±0.004b 12.35±1.34b 909.45±306.62a 23.60±5.62a
Peneda 7.59±3.77a 2.24±0.24a 0.88±0.33b 10.72±3.75a 27.58±0.56b 0.047±0.005b 11.94±1.24b 969.49±300.45a 23.74±5.55a
Gerês 10.60±6.99ab 2.29±0.19a 0.81±0.27b 13.85±7.16ab 27.59±0.56b 0.048±0.004b 11.97±1.56b 1504.02±307.74b 30.76±5.20bc
S Estrela 11.96±4.99b 2.22±0.22a 0.81±0.28b 14.99±4.91b 27.81±0.68b 0.048±0.004b 13.23±1.22c 1046.18±219.95a 27.50±4.78ab
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2.86 and 3.72  mm in  this  study,  while  its
components EWW and LWW ranged from
1.81 to 2.52 mm and from 0.99 to 1.21 mm,
respectively (Tab. 2, Tab. 5). Similar RW val-
ues  for  the  same  species  were  found  in
France (3.57 mm - Verkasalo & Leban 2002),
and Scotland (Auty et al. 2014), where RW
values ranged from 1.9 to 3.7 mm (Tab. 5).
In  general,  Pinus  sylvestris wood  from
northern  European  countries  presented
lower RW values, ranging from 1.11 to 1.89
mm (Wilhelmsson et al. 2002,  Verkasalo &
Leban 2002,  Karlman et al. 2005,  Aleiniko-
vas  &  Grigaliûnas  2006,  Pritzkow  et  al.
2014). The exception is reported by Peltola
et al. (2009) for Scots pine in Finland, with
RW values  of  3.0 to 3.6  mm, although in
trees with only 20-year-old.
Comparing  to  other  softwood  species,
the  RW  values  of  Scots  pine  wood  ob-
tained in this  study were similar  to those
found in  Pinus brutia, Abies balsamea, and
Pinus  pinaster,  ranging  from  2.06  to  3.51
mm  (Louzada  1991,  2000,  Koga  &  Zhang
2004,  Guller et al.  2012).  Exceptions were
found  for  Picea  mariana (4.03  mm)  and
Pinus pinaster (4.22 to 5.13 mm) in younger
trees with ages from 15 to 18 years (Zhang
&  Jiang  1998,  Louzada  &  Fonseca  2002,
Gaspar  et  al.  2008a).  A similar  pattern of
variation was detected for EWW and LWW
components (Tab. 5). Concerning LWP, val-
ues  ranged  from  33.3%  to  40.3%  (Tab.  2,
Tab.  5).  These values  are similar  to those
reported  in  Pinus  sylvestris,  Pinus  brutia,
and  Pinus  pinaster,  ranging  from  24%  to
46.9% (Louzada 1991, 2000, Louzada & Fon-
seca 2002, Karlman et al. 2005, Aleinikovas
&  Grigaliûnas  2006,  Gaspar  et  al.  2008a,
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Pinus sylvestris Present study Portugal 815-1424 40-41 46-66 X-ray md 497-621 396-490 672-841 140-219
Riesco-Muñoz et al. (2008) Spain 500-700 42-43 28/44 Basic density 487 - - -
Rey-Prieto & Riesco-Muñoz 
(2012) Spain 500-1100 42-43 20-32
Density at 
12% MC 491 - - -
Verkasalo & Leban (2002) France - 48 34 Green density 532 - - -
Tomczak et al. (2015) Poland 100-200 53-54 - Basic density 398 - - -
Aleinikovas & Grigaliûnas 
(2006)
Lithuania 50-120 54-55 85-110 Density at 
12 % MC
572-586 - - -
Auty et al. (2014) Scotland 10-300 57 9-99 Basic density 423 - - -
Wilhelmsson et al. (2002) Sweden 222 61 68 Basic density 398 - - -
Verkasalo & Leban (2002) Finland - 60-65 40 Green density 488 - - -
Karlman et al. (2005) Sweden 100-200 60 100-145 X-ray md 502-506 - - -
Kilpeläinen et al. (2003) Finland 145 62 15 X-ray md 410 330 640 -
Fries & Ericsson (2006) Sweden 320 63 30 X-ray md 450 - - -
Peltola et al. (2009) Finland 85 63 20 X-ray md 362-373 295-305 545-567 -
Pritzkow et al. (2014) Sweden 350-450 68 50-339 X-ray md 460 270 660 -
Pinus brutia Guller et al. (2012) Turkey 90-350 36 30 X-ray md 495 388 620 -
Picea mariana Zhang & Jiang (1998) Canada 100-300 46 15 X-ray md 405 380 550 58
Abies balsamea Koga & Zhang (2004) Canada 200-300 47 38 X-ray md 351 317 564 79
Pinus pinaster Gaspar et al. (2008a) Portugal 30 39 17 X-ray md 474 386 618 120
Louzada & Fonseca (2002) Portugal 750 41 18 X-ray md 483 411 687 134
Louzada (1991) Portugal 400-800 41-42 35 X-ray md 531 452-463 758-795 140-155
Louzada (2000) Portugal 40-600 39-41 70 X-ray md 657 519 859 185
















Pinus sylvestris Present study Portugal 815-1424 40-41 46-66 2.86-3.72 1.81-2.52 0.99-1.21 33.3-40.3
Verkasalo & Leban (2002) France - 48 34 3.57 - - -
Aleinikovas & Grigaliûnas (2006) Lithuania 50-120 54-55 85-110 1.64-1.89 - - 34.7-38.6
Wilhelmsson et al. (2002) Sweden 222 61 68 1.64 - - -
Verkasalo & Leban (2002) Finland - 60-65 40 1.81 - - -
Auty et al. (2014) Scotland 10-300 57 9-99 1.9-3.7 - - -
Karlman et al. (2005) Sweden 100-200 60 100-145 1.11-1.58 - - 39
Peltola et al. (2009) Finland 85 63 20 3.0-3.6 - - 24-28
Pritzkow et al. (2014) Sweden 350-450 68 50-339 1.4 - - -
Pinus brutia Guller et al. (2012) Turkey 90-350 36 30 2.93 1.58 1.38 46.9
Picea mariana Zhang & Jiang (1998) Canada 100-300 46 15 4.03 3.51 0.52 14.1
Abies balsamea Koga & Zhang (2004) Canada 200-300 47 38 2.06 1.82 0.24 11.8
Pinus pinaster Gaspar et al. (2008a) Portugal 30 39 17 4.22 2.7 1.5 38.2
Louzada & Fonseca (2002) Portugal 750 41 18 5.13 3.8 1.3 25.9
Louzada (1991) Portugal 400-800 41-42 35 3.51 2.4 1.1 32.8
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Peltola  et  al.  2009,  Guller  et  al.  2012).
Lower  LWP  values  were  found  for  Abies
balsamea  (11.8%) and  Picea mariana  (14.1%)
wood (Zhang & Jiang 1998,  Koga & Zhang
2004), as usual in these species. 
Based on the above results, we can con-
clude that the observed differences in ra-
dial  growth  are  mainly  due  to  the  geo-
graphic  provenance  and  to  the  effect  of
age.  Nevertheless,  in  comparison  to  Por-
tuguese Pinus pinaster wood,  Pinus sylves-
tris  had  similar  or  slightly  lower  growth
than P. pinaster trees of similar ages.
Density and RW variations among species
and  sites  have  been  thoroughly  investi-
gated in the past. Nevertheless, even today
knowledge gaps in this sector hamper the
establishment of  a  comprehensive theory
to explain these differences.  Zobel & Van
Buijtenen (1989) justify the wide variety of
results  by  the  fact  that  sites  cannot  be
quantified biologically and by their depen-
dence on the interaction of various factors
(e.g.,  soil,  nutrients,  moisture,  photope-
riod,  etc.),  whose  unique  local  combina-
tions largely affects wood type and charac-
teristics.
Chemical properties of wood
The average content of total extractives
per  site  observed  in  this  study  (15.41  to
10.72% – Tab. 3) was outside the range of 2-
5%  attributed  to  softwoods  (Sjöström  &
Alén 2013). However, the comparison with
literature data should be done with caution
due to differences among different studies
in  extraction  procedures,  solvents  used,
time of extraction, and tree age. In Latvia,
Sable et al.  (2012) found less total extrac-
tives (2.9%) in 27-year-old Pinus sylvestris. In
young Pinus  pinaster (17  years)  values  of
4.2% to 6.1%  were found in  Portugal  (Fer-
nandes  2006,  Gaspar  et  al.  2011).  For  14-
year-old  French Pinus  pinaster,  Da  Silva
Perez et al. (2007) found 4.8% total extrac-
tives. The effect of tree age on extractive
content is remarkable, since the nature and
amount  of  extractives  are  dependent  on
the heartwood content and thus on wood
age. There is a gradual increase with tree
ageing  in  the  resin  content  of  the  inner
heartwood, mainly in the lower part of the
stem.  This  means  that  mature  trees  con-
tain more heartwood than younger trees,
and  therefore  exhibit  a  higher  extractive
content. Although the sampled trees in this
study (average age of 56 years) are older
than those in the cited works, the obtained
values are too higher to be explained only
by differences in tree age. Hence, we can
conclude  that  Portuguese  Pinus  sylvestris
wood has a higher extractive content than
other European softwoods.
In this study, dichloromethane removed a
higher percentage of extractives (12.41 to
7.59%)  than  ethanol  (2.29  to  2.18%)  and
water (0.53 to 0.96% – Tab. 3). Contrasting-
ly,  Fernandes (2006),  Da Silva Perez et al.
(2007), and Gaspar et al. (2011) found that
in Pinus  pinaster,  water  extractives  ac-
counted for the largest part of total extrac-
tives  (1.8%  to  3.2%),  followed  by dichloro-
methane (1.6%) and ethanol (1.2%).
Klason  lignin  varied  from  26.9  to  27.8%
between sites (Tab. 3), within the range of
25% to 33% attributed to softwoods (Sjös-
tröm & Alén 2013). For the same species,
similar lignin content values were found for
27- to 30-year-old Pinus sylvestris in Latvia
(27.1% – Sable et al. 2012) and Finland (18.8%
to 26.6% – Toivanen & Alén 2006). For Pinus
pinaster, values ranging from 25.6 to 35.3%
were reported for 12-  to 14-year-old trees
(Alves et al. 2006, Fernandes 2006, Da Silva
Perez et al. 2007, Gaspar et al. 2011).
Our results shows that there was a small
variation  in  the  H/G  ratio  between  sites
(0.042  to  0.048  – Tab.  3).  Similar  values
were found for  Pinus pinaster  (0.041-0.113)
by Alves et al. (2006) and Da Silva Perez et
al. (2007). In fact, average lignin content of
wood is less variable within species, often
with a range of only a few percent (Sjös-
tröm & Alén 2013), and seems to be under
moderate  genetic  control  (Gaspar  et  al.
2011).  However,  the  earlywood  within  a
tree  tends to have a slightly higher lignin
concentration  than  latewood  (Donaldson
1985). According to  Donaldson (1985), the
middle  lamella  accounts  for  a  slightly
higher part of total cell-wall volume in ear-
lywood than in latewood and has a higher
lignin  concentration  than  the  rest  of  the
wall.  Changes  in  thickness  of  the S2 layer
will  induce  differences  in  wall  thickness
between earlywood and latewood, which
could account for the change in the cellu-
lose/lignin  ratio  (Donaldson  1985).  Lignin
content  of  inner  wood  near  the  pith  is
greater  than  that  of  outer  wood.  Late-
wood  has  thicker  walls  in  mature  wood
(Donaldson 1985), and there is higher late-
wood content in outer wood than in inner
wood. Basically, changes in fibre morphol-
ogy and cell-wall thickness account for the
observed  variation  in  chemical  composi-
tion.
It is worth noting that, when data from
different sources are compared, the differ-
ences  between  methodologies,  harvest
age, and the possible contribution of com-
pression wood must be taken into account.
Lignin content is influenced by this kind of
wood  since  compression  wood  contains
more lignin and less cellulose than normal
wood (Tsoumis 1991). For this reason, spe-
cial  care  was  taken  during  the  sampling
process to avoid compression wood.
Mechanical properties of wood
MOERad and  MORRad  values  ranged  from
0.9 to 1.5 GPa and from 23.6 to 34.93 MPa,
respectively  (Tab.  3).  Few  studies  of  me-
chanical  traits  on  radial  direction  were
found in the literature. For Pinus pinaster,
Fernandes (2006) and  Gaspar et al.  (2011)
obtained similar average values for MOERad
(1.37 and 1.10 GPa, respectively) but lower
values  for  MORRad (14.1  and  13.7  MPa,  re-
spectively).  Even  lower  MORRad values
were reported by  Ohbayashi  et  al.  (2001)
for Pinus radiata (7.3-7.8 MPa), also in the
radial  direction.  It  should  be  noted  that
these  results  were  reported  in  much
younger trees (20 to 25 years) than those
analyzed  in  this  study  (46  to  66  years).
Nonetheless,  Portuguese Pinus  sylvestris
wood  seems  to  have  high  stiffness  and
strength  as  compared  with  other  soft-
woods, although the available data is not
extensive.
Comparisons among Portuguese 
sampling sites
Wood-density components
The largest differences in RD among sam-
pling sites in Portugal were found between
Gerês, with the highest value (621 kg m-3),
and Serra da Estrela, with the lowest value
(497 kg m-3). There were no significant dif-
ferences in RD among the remaining sites,
with values ranging from 534 to 548 kg m -3
(Tab. 2). Gerês also presented the highest
EWD (490 kg m-3), standing out from other
sites  where  the differences  in  EWD were
not  significant.  EWD  values  varied  from
396 kg m-3 in Peneda to 421 kg m-3 in Vin-
hais.
The highest LWD values were observed in
wood samples from Marão (841 kg m-3) and
Gerês  (834 kg m-3)  and were  significantly
different from values obtained at the other
sites. Between Vinhais and Peneda, no sig-
nificant differences were found, with LWD
values of 774 and 741 kg m-3, respectively.
Serra da Estrela presented the lowest LWD
(672 kg m-3), which is significantly different
from  the  LWD  values  of  wood  samples
taken at other sites.
According to these results, no trends re-
lated  to  latitude  were  detected,  as  the
sites  with  higher  density  (Gerês  and  Ma-
rão)  are  located  at  an  intermediate  posi-
tion in respect to sites with lower density
(Peneda and Serra da Estrela – Fig. 1). How-
ever, a decrease in wood density was ob-
served  with  increasing  elevation.  Indeed,
the  sites  with  higher  density  (Gerês  and
Marão)  are  situated  at  lower  altitudes,
while the remaining sites with lower den-
sity are situated at higher altitudes.
Regarding RW, wood samples from Ma-
rão were significantly different from those
sampled  at  the other  sites.  Marão exhib-
ited higher RW (3.72  mm),  mainly  due to
high EWW values.  The differences among
the  remaining  sites  were  not  significant,
with values ranging from 2.86 to 3.08 mm.
The  higher  radial  growth  observed  in
Marão  is  manifested  in  both  EWW  and
LWW.  Relative  to  the  other  sites,  signifi-
cant differences were observed neither for
EWW nor LWW.
In  terms  of  LWP,  Peneda  and  Gerês
achieved  the  highest  values  (40.36%  and
39.37%), which were significantly different
from  the  other  sites.  The  differences
among  the  remaining  sites  were  smaller,
ranging from 33.26% to 37.14%.
Regarding  HI,  greater  differences  were
observed  between  wood  samples  from
Marão,  which  showed  the  highest  value




















Wood properties of Scots pine in Portugal
(219  kg  m-3),  and  those  from  Serra  da
Estrela, which showed the lowest (140 kg
m-3).  Among the other sites no significant
differences were observed for HI, with val-
ues of 182 kg m-3 to 184 kg m-3.
Greater differences in wood density and
radial  growth  are  expected  when  differ-
ences between sites are conspicuous, par-
ticularly  in  terms  of  latitude  and  altitude
(Gindl et al. 2001, Van Der Maaten-Theunis-
sen et al. 2013, Rossi et al. 2015), which are
inherently related to temperature, precipi-
tation (quantity and distribution), and pho-
toperiod  (Zobel  &  Van  Buijtenen  1989,
Kurz-Besson et al. 2016). Based on the re-
sults  of  this  study,  it  can  be  highlighted
that  Marão reconciles  high  radial  growth
with high density.
Chemical properties of wood
Wood samples from Vinhais and Serra da
Estrela exhibited the highest values of total
extractives  content  (15.41%  and  14.99%,
respectively) while the lowest values were
found in Peneda (10.72%) and Marão (11.12%
- Tab. 3). This variation pattern among sites
is  mainly  due  to  dichloromethane extrac-
tives;  Vinhais  and  Serra  da  Estrela  pre-
sented  the  highest  values  (15.41%  and
14.99%,  respectively),  and  Peneda  and
Marão presented the  lowest  ones  (12.41%
and 11.96%,  respectively).  For ethanol  and
water  extraction,  the  differences  among
sites were very  small  and not statistically
significant.
Concerning  lignin  content  (Klason),  its
composition (H/G) and the pentosans/hex-
osans  ratio  (cP/cH),  the  range  of  values
observed in our analysis was small. Marão
samples  presented  the  lowest  values
(26.87%,  0.042  and  10.91,  respectively),
which are statistically different from values
from the other sites. No significant differ-
ences were observed among the remaining
sites (27.58% to 27.81%, 0.047 to 0.048 and
11.94 to 13.23,  respectively).  These results
confirm that the within-species variation of
average lignin content of wood is fairly low
(Sjöström & Alén 2013).
The effect of altitude on Norway spruce
wood  was  studied  by  Gindl  et  al.  (2001),
who found that lignin content was higher
at higher elevations. The authors hypothe-
sized that trees growing at higher altitudes
compensate  for  thinner  cell  walls  by  in-
creasing  the  lignin  content  in  order  to
maintain  the  mechanical  integrity  of  the
xylem. In fact,  in this study samples from
higher altitude sites (Serra da Estrela and
Vinhais)  presented  a  somewhat  higher
lignin  content  (27.81  and  27.67%)  than
those from low altitude sites.
Radial mechanical properties of wood
The  high  values  of  MOERad and  MORRad
obtained  for  Gerês  (1504.02  and  30.76
MPa) and Marão (1398.10 and 34.93 MPa)
are significantly different from those of the
other  sites  (Tab.  3).  No significant  differ-
ences were found among the values of the
remaining sites.
Such as for wood density, the results indi-
cate  that  mechanical  properties  of  wood
are  higher  in  sites  located  at  lower  alti-
tudes.  Similar  results  were  also noted  by
Rossi et al. (2015) for black spruce.
Correlations between wood-quality 
traits
The correlation matrix  for  wood-density
components and chemical and mechanical
properties is presented in Tab. 6.
Wood density and growth components
The results in  Tab. 6 show highly signifi-
cant  correlations  among  the  measured
density  components.  The  correlation  be-
tween RD and EWD (r=0.915) was slightly
stronger  than  between  RD  and  LWD
(r=0.780).  Both  earlywood  and  latewood
densities  were  also  positively  correlated
but to a lesser extent (r=0.557). The same
behavior  was  verified  by  Peltola  et  al.
(2009) for Pinus sylvestris, where the corre-
lation between ring density and earlywood
density  (r=0.85-0.79)  was  higher  than be-
tween  overall  density  and  latewood  den-
sity (r=0.75-0.66). There was also a moder-
ate  correlation  between  earlywood  and
latewood densities (r=0.51-0.45). Addition-
ally,  Koubaa et al. (2007) found similar re-
sults  in  Picea  mariana,  where the  correla-
tion  bewteen  RD  and  EWD  (r=0.87-0.91)
was  higher  than the  correlation between
RD and LWD (r=0.58-0.54), and there was a
moderate  correlation  between  EWD  and
LWD (r=0.28-0.43). For  Pinus pinaster,  Lou-
zada (2003) also noticed a more important
dependency of RD on EWD (r=0.959-0.960)
than on LWD (r=0.521-0.708) and a moder-
ate  correlation  between  earlywood  and
latewood densities (r=0.291-0.507). On the
other hand,  Gaspar et al. (2008b), also for
Pinus  pinaster,  found  a  higher  correlation
of  RD  to  LWD  (r=0.72)  than  to  EWD  (r=
0.67) and a weak but  positive correlation
between  earlywood  and  latewood  densi-
ties  (r=0.19).  Abdel-Gadir  et  al.  (1993)
stated that for Pseudotsuga menziesii in the
juvenile period, RD was positively, moder-
ately, and equally correlated with EWD and
LWD (r=0.56), but in mature wood, the cor-
relation  was  slightly  higher  with  LWD
(r=0.72).
As expected, LWP was significantly highly
correlated with RD (r=0.419  – Tab. 6). For
Picea  abies,  Steffenrem  et  al.  (2007) also
found similar positive correlations between
these  traits  at  the  individual  tree  level
(r=0.50). For Pinus pinaster, Louzada (2003)
and  Gaspar  et  al.  (2008b) found  a  much
higher correlation of LWP to RD (r=0.955-
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Tab. 6 - Pearson’s correlation matrix between wood-density components and chemical and mechanical properties, computed at














































RD 0.915 0.780 0.419 -0.208 0.175 -0.079 0.243 -0.049 -0.068 0.073 -0.047 -0.140 -0.063 -0.199 0.482 0.323
EWD - 0.557 0.357 -0.347 -0.054 -0.269 -0.123 0.030 -0.015 0.167 0.039 -0.019 0.038 -0.073 0.410 0.254
LWD - - -0.069 0.219 0.249 0.255 0.743 -0.061 -0.154 -0.183 -0.077 -0.344 -0.182 -0.307 0.499 0.443
LWP - - - -0.480 0.304 -0.222 -0.231 -0.134 0.072 0.257 -0.115 0.159 0.037 -0.068 0.074 -0.097
EWW - - - - 0.590 0.947 0.489 -0.092 -0.143 -0.404 -0.119 -0.355 -0.337 -0.036 0.098 0.283
LWW - - - - - 0.818 0.404 -0.036 -0.127 -0.280 -0.056 -0.247 -0.276 -0.013 0.146 0.224
RW - - - - - - 0.509 -0.080 -0.152 -0.399 -0.107 -0.351 -0.350 -0.031 0.128 0.291
HI - - - - - - - -0.131 -0.164 -0.318 -0.155 -0.369 -0.241 -0.337 0.267 0.297
Diclor - - - - - - - - 0.144 0.027 0.996 0.270 0.364 0.250 -0.029 -0.091
Ethanol - - - - - - - - - 0.550 0.214 0.259 0.357 -0.096 -0.051 -0.118
Water - - - - - - - - - - 0.105 0.633 0.557 0.187 -0.057 -0.239
Total - - - - - - - - - - - 0.314 0.405 0.254 -0.033 -0.108
Klason - - - - - - - - - - - - 0.726 0.290 -0.273 -0.323
H/G - - - - - - - - - - - - - 0.182 -0.216 -0.294
cP/cH - - - - - - - - - - - - - - -0.153 -0.116
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0.972 and 0.90, respectively) as did Koubaa
et  al.  (2007) for Picea  mariana for  both
plantations (r=0.93-0.88) and juvenile and
mature wood (r=0.91-0.86). Further, Abdel-
Gadir et al. (1993) stated that for  Pseudot-
suga menziesii, RD had a very strong corre-
lation with  LWP (r=0.93-0.94),  suggesting
that variation in RD and LWP depends on
almost the same set of factors.
LWP  was  also  significantly  highly  corre-
lated with EWD (r=0.357), but the correla-
tion with LWD was small, negative, and not
significant  (r=-0.069).  Contrary  to  our  re-
sults,  Louzada (2003) found a positive cor-
relation between LWP and LWD (r=0.575-
0.794) and an even higher correlation be-
tween LWP and EWD (r=0.845-0.891). Simi-
lar  results  were  found  by  Koubaa  et  al.
(2007).  Abdel-Gadir  et  al.  (1993) also  a-
chieved moderate positive correlations of
LWP  to  density-related  components  (r  =
0.38  to  0.63).  Gaspar  et  al.  (2008b) also
found  a  moderately  positive  correlation
between these traits, although the correla-
tion  was  slightly  higher  for  LWD (r=0.59)
than for EWD (r=0.49).
Concerning ring width components, LWP
showed a highly significant correlation to
LWW  (r=0.304),  but  a  stronger,  negative
correlation to EWW (r=-0.480). This means
that an increase of LWP depends more on
a EWW decrease, which is reflected in the
negative correlation between RW and LWP
(r=-0.222). For the same species, Peltola et
al. (2009) also found a strong negative cor-
relation between LWP and EWW (r=-0.72),
higher  than  the  positive  correlation  with
LWW (r=0.29), which led to a negative cor-
relation with RW (r=-0.57).
For  Picea  mariana,  Koubaa  et  al.  (2007)
also found negative correlations of LWP to
RW (r=-0.53 to -0.35) and EWW (r=-0.75 to
-0.68)  but  strong  positive  correlations  to
LWW  (r=0.71-0.83).  Gaspar  et  al.  (2008b)
also found a positive correlation of LWP to
LWW (r=0.87) and a negative correlation of
LWP  to  EWW  (r=-0.76).  Similarly,  Abdel-
Gadir  et  al.  (1993) found positive correla-
tions  of  LWP  to  LWW  (r=0.65-0.59)  and
negative correlations of  LWP to EWW (r=
-0.14 to -0.67).  However,  the correlations
of  LWP  to  RW  were  positive  in  juvenile
wood  (r=0.15)  and  negative  in  mature
wood (r=-0.11). On the other hand, Louzada
(2003) found a positive but very small cor-
relation between LWP and RW (r=0.009 to
0.091).
For  Pinus  sylvestris wood,  it  has  been
demonstrated that the increase of LWP is
more dependent on the decrease of EWW
than  on  the  increase  of  LWW.  It  is  likely
that  the  reported  differences  related  to
LWP may result from the different method-
ologies used to define the threshold value
between EW and LW.
RW had a slightly higher correlation with
earlywood  width  (EWW  – r=0.947)  than
LWW (r=0.818), but both are highly signifi-
cant (Tab. 6). Similar results were obtained
by  Peltola  et  al.  (2009) for  Scots  pine at
two different sites for EWW (r=0.98-0.97)
and LWW (r=0.60-0.75).  Abdel-Gadir  et al.
(1993) denoted the same behavior in both
juvenile and mature wood of Pseudotsuga
menziesii for EWW (r=0.96-0.80) and LWW
(r=0.84-0.72).  Koubaa  et  al.  (2007) ob-
tained much higher correlations of RW to
EWW  (r=0.95-0.91)  compared  to  the  low
values of LWW (r=0.14-0.19) for both plan-
tations  and  for  both  juvenile  and  mature
wood (r=0.95-0.96 and r=0.13-0.55, respec-
tively). For  Abies balsamea,  Koga & Zhang
(2004) also reported a strong positive cor-
relation  between  RW  and  EWW  (r=0.96)
but no correlation between RW and LWW
(r=0.05),  meaning  that  the  larger  radial
growth was caused by an increase in EWW.
This  significant  influence of  Pinus sylves-
tris earlywood on RW is then reflected in
the  negative  correlation  found  between
RW and LWP (r=-0.222) as  well  as  RD (r=
-0.079). However, since the latter correla-
tion is one of the smallest observed and is
not  statistically  significant,  it  can  be  de-
duced that higher radial growth (RW) does
not have a pronounced negative influence
on  density.  Peltola  et  al.  (2009),  also  for
Pinus sylvestris, found a negative and very
low correlation of WD to RW for one site
(r=-0.05), and a stronger and negative cor-
relation  for  the  other  site  (r=-0.42).  Fur-
ther, Fries & Ericsson (2006) found that for
Pinus sylvestris, correlations of density with
diameter were quite strong and negative,
in  accordance  with  the  assumption  that
wide rings tend to have lower density than
narrow rings. For other resinous trees, Ab-
del-Gadir et al. (1993) reported a weak and
negative correlation between RD and RW
(r=-0.06 to 0.04) in Pseudotsuga menziesii.
For  Picea  mariana,  Koubaa  et  al.  (2007)
found stronger  negative  relationships  be-
tween growth rate (RW) and wood density
(RD) in both plantations and for both juve-
nile  and  mature  wood  (r=-0.29  to  -0.44).
For  Abies balsamea,  Koga & Zhang (2004)
also  noticed  a  negative  correlation  be-
tween RD and RW (r=-0.48). Steffenrem et
al.  (2007) found  similar  results  for Picea
abies in  all  levels  studied.  On  the  other
hand,  Louzada  (2003) found  a  small  but
positive correlation of RW to RD (r=0.028
to  0.180)  in Pinus  pinaster.  However,  ac-
cording to Karenlampi & Riekkinen (2004 –
cited in  Auty  2006),  an  increased growth
rate,  which  is  generally  associated  with
lower wood density, may not apply for  Pi-
nus  sylvestris, since growth rate and den-
sity have been shown to be independent,
with the density influenced more by cam-
bial age than distance from the tree pith.
RD  was  also  correlated  negatively  with
EWW  (r=-0.208)  but  positively  with  LWW
although these correlations are not signifi-
cant (r=0.175). This behavior has also been
noted in  other  studies  (Abdel-Gadir  et  al.
1993,  Koubaa  et  al.  2007,  Gaspar  et  al.
2008b, Peltola et al. 2009).
Our  review  of  the  available  literature
highlighted a lack of consensus on the rela-
tionship  between  wood  density  and
growth traits, as positive, neutral, and neg-
ative  correlations  can  be  found.  In  addi-
tion,  Zobel  &  Van  Buijtenen  (1989) com-
piled  information  on  this  subject,  finding
that  all  types  of  correlations  between
growth  rate  and  specific  gravity  can  be
found in the literature.  However,  it  is im-
portant to point  out  that  to evaluate the
real influence of growth rate on wood den-
sity,  the  analyses  has  to  be  conducted
among homogeneous age classes. Accord-
ing to  Zobel & Van Buijtenen (1989) relat-
ing wood properties to RW for rings of dif-
ferent ages results in false and controver-
sial ideas on the effect of growth rate and
can be a factor that contributes to the mul-
tiplicity of results.  Wide growth rings and
low  density  are  associated  with  juvenile
wood, and narrow growth rings with high
density are characteristic of mature wood.
Therefore, a negative correlation between
ring  width and density  is  obvious  if  both
juvenile and mature wood are included in
the  analysis.  As  Zobel  &  Van  Buijtenen
(1989) stated, it is the occurrence of juve-
nile wood (age of growth ring) and not the
growth rate by diameter (ring width) that
produces lower quality wood.
In general, hard pines tend to show little
or  no  meaningful  relationships  between
wood  density  and  growth  rate  (Zobel  &
Van Buijtenen 1989, Abdel-Gadir et al. 1993)
although exceptions  have been reported.
Gaspar  et  al.  (2009) observed that  larger
trees tend to present higher values of RD,
LWD,  LWW, and LWP.  They stated that  a
possible reason for higher or lower wood
density in fast growing trees is that growth
is due to an increase of LWW or EWW.
Regarding  HI,  it  was  found  to  be  less
dependent  on  low  EWD  values  (r=-0.123)
and more dependent on high LWD values
(r=0.743), which in turn leads to a positive
correlation  between  HI  and  mechanical
properties (r=0.267 and r=0.297). A positive
correlation was also observed between HI
and  RW  (r=0.509),  meaning  that  higher
radial growth causes an increase in HI.
Louzada (2003) also found similar results
for the correlation of HI to EWD (negative)
and of LWD to RD (positive), although the
latter was very small. However, contrary to
the results in this study, the author found a
negative correlation of HI to RW and a pos-
itive correlation of HI to LWP.
Chemical properties of wood
In  general,  chemical  properties  of  Scots
pine  wood  were  positively  correlated  in
this  study  (Tab.  6).  Among  the  solvents,
highly  statistically  significant  correlations
were observed between total and dichloro-
methane extractive content (r=0.996) and
between ethanol and water extractive con-
tent (r=0.550).
Klason lignin was highly significantly cor-
related to its ratio (H/G – r=0.726) and, to a
lesser  extent,  cP/cH  (r=0.290),  although
this was still  very significant (p<0.01). The
relation of H/G and cP/cH was not proven
to  be  significant  (r=0.182).  Highly  signifi-
cant  correlations  of  extractive  contents
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obtained  by  different  solvents  to  Klason
lignin  (r=0.259  to  0.633)  and  to  H/G  (r=
0.357 to 0.557) were found. Both lignin and
its  content  were  slightly  more  correlated
to water than to dichloromethane or eth-
anol extractive content. Regarding the re-
lation of solvents with cP/cH,  the correla-
tions were statistically less significant, with
r  values  ranging  from  -0.096  to  0.254.
These  results  clearly  indicate  that  high
amounts of extractives may be related to
high lignin and its ratio (H/G).
It can be observed that chemical proper-
ties  have,  in  general,  a  small  relationship
with  physical  and  mechanical  properties,
whose correlations  are generally  low and
not statistically significant (Tab. 6).  Gaspar
et  al.  (2011) also found that  Klason lignin
was  weakly  correlated  with  most  of  the
physical  and mechanical  characteristics  of
wood in Pinus pinaster.
Radial mechanical properties of wood
In  this  study  MOERad and  MORRad were
correlated  each  other  with  high  signifi-
cance  (r=0.779  – Tab.  6),  confirming  the
results obtained by  Gaspar et al. (2011) for
Pinus pinaster. MOE is a wood stiffness pa-
rameter which is highly and positively cor-
related with strength, and therefore it can
be used to assess wood strength parame-
ters such as MOR (Liu et al. 2007). In fact,
the  good  correlation  between  strength
and elasticity is a consequence of the cellu-
lar nature of wood; the mechanism leading
to failure along the fibres involves partial
cell-wall buckling, which is directly related
to cell-wall elasticity. However, the correla-
tion between MOE and MOR also depends
on the specimen size, as wood samples of
different dimensions may include different
proportions of imperfections.
We observed that  wood-density  compo-
nents  and  mechanical  properties  pre-
sented highly significant correlations (Tab.
6).  These  findings  are  consistent  with
those previously obtained by  Gaspar et al.
(2011) for Pinus pinaster, Liu et al. (2007) for
Picea mariana, and Steffenrem et al. (2007)
for Picea  abies.  However,  only  the  latter
study evaluated wood mechanical traits in
the radial direction.
Many researchers have stated that wood
density (specific gravity) is one of the ma-
jor  determinants  of  wood  stiffness  and
strength,  where  density  may  explain  a
large part  of  the  variation  in  modulus  of
elasticity in clear wood (Zobel & Van Buijte-
nen 1989,  Tsoumis 1991). In this study, the
correlation of RD to MOERad (r=0.482) was
slightly  higher  than  to  MORRad  (r=0.323  –
Tab.  6).  Gaspar  et  al.  (2011) also found a
higher  correlation  of  RD  to  MOERad (r=
0.323)  as  compared  to  MORRad (r=0.182).
On  the  other  hand,  Steffenrem  et  al.
(2007),  in  longitudinal  mechanical  tests,
found that the correlation between density
and MOE at  the individual  tree level  was
moderate  (r=0.74)  compared  to  the  very
strong  correlation  between  density  and
MOR  (r=0.91).  Our  results  revealed  that
both mechanical traits had higher correla-
tions with LWD (r=0.499-0.443) than with
EWD (r=0.410-0.254  – Tab.  6).  Mechanical
traits  also presented positive correlations
to growth components (EWW, LWW, and
RW),  although  MORRad was  found  to  be
more  strongly  related  to  ring  width  than
MOERad  (Tab.  6).  Therefore,  trees  with
higher radial growth do not cause a nega-
tive outcome in terms of their mechanical
performance.  Similar  results  were  previ-
ously  reported  by  Fernández-Golfin  et  al.
(2004).
Conclusions
Comparing our results to those reported
in the literature, we observed higher values
of wood-density components in Pinus sylve-
stris grown in Portugal  as compared with
those reported for the same species grow-
ing in other European regions, confirming a
slight  downward  trend  of  wood  density
with  increasing latitude.  Some of  the ob-
served exceptions may be explained by the
older age of trees analyzed in these stud-
ies. Regarding ring-width components, the
differences were likely due to the effect of
age, geographic location or species. None-
theless,  differences  among  geographic
provenances  are  known  more  for  wood
density than for radial growth. Portuguese
Pinus  sylvestris wood  exhibited  slightly
higher density values than the majority of
European  conifer  species.  Compared  to
Portuguese Pinus pinaster wood,  Pinus syl-
vestris at similar ages presented lower den-
sities,  and  identical  or  relatively  lower
growth.
Portuguese  Pinus  sylvestris wood  has  a
higher extractive content than other Euro-
pean softwoods, and the amount of total
extractives  was  outside  the  range  attrib-
uted  to  softwoods.  Contrastingly,  Klason
lignin  was  within  the  range attributed  to
softwoods.
Although the available data in the litera-
ture is not extensive, we can conclude that
Portuguese  Pinus sylvestris wood presents
high  stiffness  and  strength  compared  to
other softwoods.
Among sampled sites in Portugal, no lati-
tude effects were detected; however, our
results revealed a significant effect of alti-
tude  on  the  studied  wood-quality  traits.
Indeed, sites at a lower altitude presented
higher density and mechanical properties,
and lower amounts of lignin than those at
higher altitude.
Regarding  the  qualitative  characteristics
of Portuguese  Pinus sylvestris, wood from
Marão shows good physical and mechani-
cal properties and good growth rates, but
presents  high  heterogeneity  within  the
rings.  Therefore,  this  wood is suitable for
uses  that  require  high  mechanical  resis-
tance,  such as lumber and timber beams.
On  the  other  hand,  wood  from  Serra  da
Estrela shows low growth rates and den-
sity,  but  its  high within-ring  homogeneity
makes  it  suitable  for  the  production  of
highly valuable wood products such as ply-
wood and veneer wood.
Regarding  the  correlations  between
wood-quality  traits,  our  results  revealed
that  RD  is  more  strongly  correlated  with
EWD than with LWD. LWP is more depen-
dent on the decrease of EWW than on the
increase of LWW. RW presented a slightly
higher  correlation  with  EWW  (r=0.947)
than  with  LWW  (r=0.818),  which  is  re-
flected in the negative correlation between
RW and LWP (r=-0.222) as well  as RD (r=-
0.079). However, since the latter is not sta-
tistically significant, it can be deduced that
a higher radial growth (RW) did not nega-
tively  affect  wood  density  in  Portuguese
Scots pine wood.
Within-ring  heterogeneity  of  wood,  as
expressed by the heterogeneity index (HI)
was less dependent on low EWD values (r=
-0.123) but more dependent on high LWD
values (r=0.743), which, in turn, induces a
positive correlation between HI and wood
mechanical  properties  (r=0.267  and  r=
0.297, respectively for MOERad and MORRad).
Total extractives were more strongly and
positively correlated with dichloromethane
content than with ethanol and water con-
tent. In general, wood chemical properties
showed a low impact on physical and me-
chanical  properties,  as  revealed  by  their
low  and  not-significant  correlation  coeffi-
cients.
Both  mechanical  traits  were  well  corre-
lated  with  density  components  (namely
LWD)  although  this  was  stronger  for
MOERad than for MORRad. Mechanical traits
also  presented  positive  correlations  with
growth  components  (EWW,  LWW  and
RW),  which  support  the  assumption  that
trees  with  higher  radial  growth  do  not
present poorer mechanical performance.
Considering  the  reduction  of  the  forest
area of resinous species, Portuguese Pinus
sylvestris may  represent  an  important  re-
source for the reforestation of higher alti-
tude  areas,  which  are  less  favorable  for
Pinus pinaster, and may become an impor-
tant  resource  both  for  local  populations
and the Portuguese forestry sector.
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